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Abstrat The Indiret Detetion of neutralino Dark Matter is most promising through annihilation hannels
produing a hard energy spetrum for the deteted partiles, suh as the neutralino annihilation into
Zh. A anellation however makes this partiular annihilation hannel generially subdominant in the
huge parameter spae of supersymmetri models. This anellation requires non-trivial relations between
neutralino mixings and masses, whih we derive from gauge independene and unitarity of the MSSM. To
show how the anellation overshoots leaving only a subdominant result, we use a perturbative expansion
in powers of the eletroweak/supersymmetry breaking ratio mZ/mχ.
1 Introdution and motivations
There is no doubt that standard models of partile physis
and osmology alone annot desribe the full wealth of
observational data reently olleted on a wide variety of
length sales. Ad-ho as it may seem, the Dark Matter
(DM) hypothesis [1,2℄ is probably part of the minimal set
of extra ingredients needed to aount for the inreased
gravitational self-attration of matter on sales ranging
from galaxies to the full visible universe. More exoti in-
gredients like repulsive Dark Energy, or modiations of
gravity itself, might also beome neessary to ope with
the apparent aeleration of the universe. In the absene
of a onvining unied theoretial solution to these both
issues, experimental searhes are the only way to prove
the validity of hypotheses like the existene of a DM par-
tile. For instane, the rst issue would be settled if a new
partile were found and its non-gravitational interations
measured to be ompatible with the Cold Dark Matter
reli density required by Cosmi Mirowave Bakground
and large sale struture formation [3, 4℄. However, these
interations are then by denition weak, and we should
not be surprised that their evidenes are extremely hard
to obtain, muh like for Pauli's neutrino. Debates like the
one around DAMA's laim [512℄ for diret detetion of
DM are illustrative of this diulty. This is why it is ru-
ial to be able to ross-hek and understand results in as
many dierent ways as possible, for whih a denite and
well motivated DM theoretial framework is neessary. In
this work, we shall keep with the well-studied supersym-
metri lightest neutralino (χ) of mSugra or MSSM models.
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A partiularly ruial ross-hek would be the Indiret
Detetion of the neutralino annihilation produts, whih
would show that suh annihilation did indeed our in the
past, froze out at some point and re-started in hot spots
like the galati enter or the solar ore, where dark mat-
ter later aumulated. However, to identify an Indiret
DM signal and possibly determine the neutralino mass by
looking at uxes of e.g. photons or neutrinos from suh
hot spots, it is essential to be able to distinguish that
signal from the standard but poorly known astrophysial
bakground. These being haraterized by energy spetra
with fairly universal power laws, Indiret Detetion will
be most suessful when neutralino annihilation proeeds
through primary hannels whih provide seondary pho-
tons or neutrinos with the hardest possible spetra, and
a sharp energy ut-o around the neutralino mass. From
g. 1 (disussed in Appendix A), the most promising an-
nihilation hannels are into a τ+τ− pair, into two gauge
bosons (χχ→W+W−, or ZZ whih has the same shape)
or into one gauge boson and a Higgs-Englert-Brout (HEB)
boson [13,14℄ (χχ→ Zh).
However, these fairly universal spetra need to be weigh-
ted by the atual model-dependent branhing ratios to
give the nal indiret DM detetion signal. It was noted
long ago [15℄ that the Zh hannel is then suppressed,
whih an be numerially heked
1
using the DarkSusy
(3.14.02 version) [16℄ and the Suspet (2.003 version) ode
[17℄: the top plot of g. 2 typially shows a suppression
by three orders of magnitude for various mSugra mod-
els with tanβ = 10. To qualify this suppression, let us
start by ontributions we expet to be dominant, namely
1
Temporarily failing suh hek after an update of the
DarkSusy-Suspet interfae was atually the starting point of
this work.
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Figure 1. The shape of dierential neutrino (top) and gamma
(bottom) uxes oming from neutralino annihilations into
various primary hannels. The normalisations (depending on
branhing ratios) have been arbitrarily resaled to ompare
the shape of all hannels; the dependene on mχ (1 TeV here)
is weak.
those from SM partile exhanges (in our ase an s-hannel
Z) sine superpartners are neessarily heavier. As seen in
the bottom g. 2, this ontribution not only dominates,
but even overwhelms the total ross-setion. We there-
fore need to understand a double suppression, that rst
anels this large ontribution and seond brings the total
Zh annihilation below other hannels. The anelling on-
tribution neessarily involves non-SM partile exhanges,
whih seems ontraditory with the fat that on g. 2, the
anellation gets better with inreasing m0 and m1/2, i.e.
for maximally broken supersymmetry.
To be as general as possible, this anellation should
be heked in a supersymmetry breaking independent way.
This is done in g. 3 in the more general MSSM, while
keeping the usual GUT relation M1 =
5
3 tan θWM2 ≃
0.5M2. A anellation up to three orders of magnitude
thus seems a generi property of every broken supersym-
metry theory.
To be more onrete, let us now fous on the partiular
mSugra model with m0 = 3000 GeV , m1/2 = 800 GeV ,
A0 = 0, tan (β) = 10 and µ > 0, marked by the blak star
in g. 2. The annihilation ross-setions at rest are:
vσ
(
cm3/s
)
χχ→ tt χχ→ Zh
Z exhange 1.83× 10−28 4.72× 10−28
All diagrams 1.03× 10−28 1.48× 10−31
vσ (χχ→ all) = 1.05× 10−28
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Figure 2. Neutralino annihilation branhing ratios to Zh for
various m0 and m1/2 values: Z-exhange only (bottom), Z and
χ exhanges (top)
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Figure 3. Contour plot of
σ(χχ→Zh)Z+χ
σ(χχ→Zh)Z
in the MSSM; white
dots orrespond to mSugra models of g. 2.
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The annihilation is dominated by the tt¯ hannel, 3 or-
ders of magnitude larger than the Zh one [18℄. However,
when restriting to the Z exhange diagram, they are om-
parable, with Zh slightly larger. This is easily understood
by exhibiting the ouplings and kinemati fators in the
amplitudes:

Z
χ
χ
t
t

Z
χ
χ
Z
h
A
(
χχ→ tt)
Z
∝ −g2mtOZ11cos2 θW A (χχ→ Zh)Z ∝
−g2mZOZ11
cos2 θW
where the χχZ oupling OZ11 is dened in terms of the
neutralino mixing matrix
2 N (see Appendix D.1):
OZij = (Ni4Nj4 −Ni3Nj3) (1)
It remains to understand why other exhanges an-
el the Zh hannel and not the tt one. For the latter,
the t-hannel sfermion exhange an be made arbitrarily
small by taking large enough m0, so that the main ontri-
bution proeeds via a (SM) Z boson exhange, onform-
ing to naive expetations. However, two other diagram
are involved in the Zh annihilation hannel: (1) an s-
hannel pseudosalar A exhange, whih an be negleted
for large m0 (in what follows we will always work in this
pseudosalar deoupling limit (47)), and (2) t-hannel ex-
hanges of the 4 neutralinos, whih annot be deoupled
beause of strong links between the ouplings involved in
eah diagram. These links appear in the expression of the
annihilation amplitudes [19, 20℄ derived in the next se-
tion:
A (χχ→ Zh)Z =
−ig2√2
cos2 θW
m2χ
m2Z
βZh ×OZ11 (2)
A (χχ→ Zh)χ =
ig2
√
2
cos2 θW
m2χ
m2Z
βZh × (3)
×
4∑
i=1
2OZ1iO
h
1i (mχi −mχ)mZ
2m2χ + 2m
2
χi −m2h −m2Z
where the χiχjh oupling O
h
ij is dened in Appendix (49)
as (where the deoupling ondition (47) has been used):
Ohij = (cWNi2 − sWNi1) (sβNj4 − cβNj3) + (i↔ j) (4)
It is lear that the seond amplitude (3) annot easily be
negleted and might turn out omparable with the rst
one (2). However, it is less lear why both should anel
2
In what follow, we will always work with the hypothesis of
CP violating phases absene, in order the N matrix to be real
(see Appendix C)
with high preision, espeially given as dierent-looking
ouplings as (1) and (4).
A toy example of the above anellation is provided
by the annihilation of a spin singlet tt¯ pair into Zh in a
Standard Model without SU(2). One may rst be puzzled
to get a anellation between an s-hannel Z-exhange,
whih only involves gauge ouplings, and a t-hannel top
exhange, whih involves an a priori independent Yukawa
oupling. However, one soon realizes that the existene of
the s-hannel requires both spontaneous breaking of the
gauge symmetry for the ZZh vertex, and an axial oupling
for the tt¯Z vertex. This last oupling exludes ontribu-
tions to the top mass other than the gauge breaking y〈h〉
one. The two hannels g 1
m2
Z
gmz ∝ g 1mt y are then both
proportional to g/〈h〉 and may anel. In ontrast with
this simple ase, the neutralino annihilation studied be-
low is ompliated by the presene of another soure of
mass, namely the SUSY breaking Majorana mass terms
for the gauginos.
To analyse this anellation, we start in setion 2 by
deriving the relevant amplitudes. In setion 3, gauge inde-
pendene is used to draw a rst link between the ouplings,
whih is shown to follow from the gauge invariane of the
mass matrix. Unitarity at high energy is then used in se-
tion 4 to derive a seond relation, whih is ombined with
the rst one to show that a anellation is possible. In
setion 5, the struture of Rayleigh-Shroedinger pertur-
bation theory is then used to show that this anellation
is stronger than expeted.
2 Amplitudes for Neutralino Annihilation at
Rest
Let us start by deriving the polarized amplitude A (Zh)Z
for neutralino annihilation into Zh via Z exhange. By
onstrution, neutralinos are their own antipartiles, so
that an initial pair of lightest neutralinos at rest is ne-
essarily in an antisymmetri spin singlet state. The nal
state ontaining a HEB salar, the outgoing Z boson po-
larization needs to be longitudinal, and an be hosen as
z-axis. It is then more onvenient to use heliity ampli-
tudes [15, 19℄ than unpolarized ross-setions [20℄. The
Feynman diagram and rules dened in the Appendix D
give the amplitude

Z, q
χ, p
χ, p′
Z, k
h, k′
A (χχ→ Zh)Z =
−iCA11CZ
q2 −m2Z
(χ (p′) γµγ5χ (p)) (5)
×
(
gµν − qµqν
m2Z
)
εν (k)
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where χ = u is the inoming neutralino, χ = v the outgo-
ing one in an arbitrary hoie of arrows diretions. u and
v are external Dira spinors at rest in the hiral basis (see
Appendix B), namely:
χ (p0) =
√
mχ
(
ξs
ξs
)
; with ξ+ 1
2
=
(−1
0
)
or ξ− 1
2
=
(
0
1
)
for a spin up or down along the z-axis, and similarly for
the antipartile:
χ (p′0) =
√
mχ (−ηs′ , ηs′ )
Thanks to the Majorana ondition (40), desriptions of
the same neutralino as a partile with ξs′ or as an an-
tipartile with ηs′ are equivalent provided:
ηs′ = −iσ2ξs′ (6)
The polarization of the longitudinal Z boson being εν(k) =
(kz, 0, 0, k0)/mZ , and the initial momentum at rest simply
qµ = (2mχ,0), the polarized amplitude (5) is:
A (χ↑χ↓ → Zh)Z =
iCA11CZ
4m2χ −m2Z
mχ
mZ
(σµ11 + σ¯
µ
11) (7)
×
(
gµν − qµqν
m2Z
)(
kz, 0, 0, k0
)
= −2iCA11CZ
mχ
m3Z
kz (8)
Notie the time-like struture of the initial state vetor
(σµ11+ σ¯
µ
11) = (2, 0, 0, 0): a purely axial oupling talks only
with the salar part of the two spins at rest. Notie also
the disappearing of the Z pole at mχ = mZ/2.
Expressing kz = mχβZh in terms of the onventional
kinemati fator
βZh =
√
1− (mh +mZ)
2
4m2χ
√
1− (mh −mZ)
2
4m2χ
≈
mχ ≫ mZ
1
and using the denitions (43) and (46) of ouplings in
terms of neutralino mixings given in the Appendix D, we
nally nd:
A (χ↑χ↓ → Zh)Z =
−ig2OZ11
cos2 θW
m2χ
m2Z
βZh (9)
To get the amplitude with reversed heliities, we just
need to replae (1,1) omponents of the Pauli matries
in (7) by (2,2) omponents, and take the extra sign from
the Majorana ondition (6) into aount. Thanks to this
sign, only an antisymmetri initial state an ontribute,
and gives with the orret normalization fator:
A (χχ→ Zh)Z =
−ig2√2
cos2 θW
m2χ
m2Z
βZhO
Z
11 (10)
in agreement with (2) and existing results [19, 20℄.
This amplitude (10) has to be ompared with the result
of a similar omputation for the annihilation into tt¯:
A
(
χχ→ tt)
Z
=
−ig2√2
cos2 θW
mχmt
m2Z
βttT3O
Z
11 (11)
where βtt¯ =
√
1−m2t/m2χ and T3=1 is the weak isospin of
the top quark. Notie the dierent power of mχ, favouring
the Zh hannel for large masses.
We have seen in the introdution that t-hannel neu-
tralinos exhanges should reverse this onlusion. Follow-
ing the same path, their ontribution is

χi, Q
χ, p
χ, p′
Z, k
h, k′
A (χχ→ Zh)χi =
−iCA1iCh1i
Q2 −m2χi
× (χ (p′) (/Q+mχi) γµγ5χ (p)) εµ (k)
with Qµ = pµ − kµ. After some algebra on the t-hannel,
and adding the u-ontribution (same diagram as before
with p and p′ interhanged), one nds:
A (χχ→ Zh)χi =
ig2
√
2
cos2 θW
m2χ
m2Z
βZh × (12)
× 2O
Z
1iO
h
1i (mχi −mχ)mZ
2m2χ + 2m
2
χi −m2Z −m2h
The problem is now to understand how the amplitudes
(12) and (10) anel with the 10−3 preision shown in
the introdution. This an happen only if the sum of se-
ond lines of (12) whih ontain four powers of the neu-
tralino mixing matrix N somehow redues to OZ11 ∼ N2
as a onsequene of some symmetry. We already notied
that supersymmetry had to be maximally broken for the
anellation to take plae. We are thus left with gauge
invariane whih is investigated in the next setion.
3 Gauge Independene and Gauge
Invariane of the Mass Matrix
The previous omputations were performed in the unitary
gauge, where massive gauge elds have ompletely eaten
a Goldstone boson. One way to obtain non-trivial relations
of the kind we seek is to work in the Rξ-gauge family of 't
Hooft [21℄, and require independene of the result on the
gauge-xing parameter ξ.
Let us rst notie that the neutralino exhange dia-
grams are gauge independent by themselves. Indeed, in
Labonne Benjamin
1,2
, Nezri Emmanuel
3
, Orlo Jean
2
: The Suppression of Neutralino Annihilation into Zh 5
a vetor supermultiplet, only the bosoni gauge eld is
gauge dependent, and not the assoiated gaugino. More-
over, higgsinos are assoiated with the real part of omplex
salars, whih are also gauge independent.
We an thus onentrate on the Z exhange diagram.
When going from unitary to Rξ-gauges, this ontribution
splits in two ξ-dependent diagrams: one with Goldstone
boson exhange, and another with the Z-boson exhange.
To exhibit the anellation of their ξ dependene, it is
onvenient in the Z propagator
−i
q2 −m2Z
(
gµν − (1− ξ) qµqν
q2 − ξm2Z
)
to deompose the longitudinal part as:
m2Z (1− ξ)
(q2 −m2Z) (q2 − ξm2Z)
=
1
(q2 −m2Z)
− 1
(q2 − ξm2Z)
. (13)
The rst term is nothing but the longitudinal unitary
gauge propagator, and the seond exhibits a fake pole at
the Goldstone mass q2 = ξm2Z , with a wrong sign [22℄.
The ξ-dependent Z exhange AZξ = AZ + AZG orre-
spondingly deomposes into the previously obtained AZ
(5) and a Goldstone-like amplitude with gauge ouplings:
A (χχ→ Zh)ZG = −i
CACZ
m2Z
(χ (p′) /qγ5χ (p))
q.ε (k)
q2 − ξm2Z
whih, using the mass-shell ondition for the initial state
χ¯/qγ5χ = 2mχχ¯γ5χ, beomes:
A (χχ→ Zh)ZG =
−ig2OZ11
2 cos2 θW
mχ
mZ
χγ5χ
q.ε (k)
q2 − ξm2Z
(14)
We now turn to the genuine Goldstone boson exhange.
The ZZh oupling is replaed by the GZh one:

G
χ
χ
Z
h
CZGh = iCG (k − k′)µwhere CG = g/2 cos θW (15)
and the salar propagator is simply i/(q2 − ξm2Z). But
things are more subtle for the Gχχ vertex: even if the neu-
tral Goldstone boson is part of the Z boson in the unitary
gauge, it does not have the same oupling to neutralinos:
CGχiχj =
igOGij
2 cos θW
(16)
with
OGij = (Ni2cW −Ni1sW ) (cβNj3 + sβNj4) + (i↔j) (17)
For the lightest neutralino annihilation, i = j = 1, and
sine the oupling is imaginary, the Goldstone only ouples
to the axial part of the neutralino. The amplitude for the
Goldstone exhange diagram is thus:
A (χχ→ Zh)G = −CGχχCG χ (p′) γ5χ (p) (18)
× (q + k
′)µ
q2 − ξm2Z
εµ (k)
Realling kinematis (q = k + k′), the polarization on-
dition (k.ε (k) = 0), and ouplings denitions, we nally
have:
A (χχ→ Zh)G = i g
2OG11
2c2
W
χγ5χ
q.ε (k)
q2 − ξm2Z
(19)
Now, omparing (14) and (19), gauge independene re-
quires a relation between ouplings:
OZ11
mχ
mZ
= −1
2
OG11
whih by (1) and (17) an be expressed in terms of the
neutralino mixings and masses:
(
N214 −N213
) mχ
mZ
(20)
= − (N12cW −N11sW ) (sβN14 + cβN13)
This relation an be extended for the annihilation of an
arbitrary pair of neutralinos χi − χj in the same hannel:
OZij
mχi +mχj
mZ
= −OGij
whih is a short version of the rather non-trivial identity:
(Ni4Nj4 −Ni3Nj3)
mχi +mχj
mZ
(21)
= − (Ni2cW −Ni1sW ) (sβNj4 + cβNj3)− (i↔j)
Although not ompletely idential, this relation bears
similarities with the ombination of masses and mixings
involved in (3). It is therefore interesting to notie that
it only involves the neutralino mass matrix, and an be
derived in the following way. By denition of the mixing
matrix N (42), we have:
(NM)ij = miNij
Then for any matrix P , the following identities hold:
(mi +mj)
(
NPN−1
)
ij
=
(
N (MP + PM)N−1
)
ij
(22)
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As a partiular ase, if we take for P the isospin operator
that ips the rst higgsino sign ompared to the seond
one:
P = T3 =
(
0 0
0 −σ3
)
=


0 0 0 0
0 0 0 0
0 0 −1 0
0 0 0 1


we reover the gauge independene relation (21). The par-
tiular form of the right hand side of this relation then
follows from the speial struture of the symmetri neu-
tralino mass matrix:
M =
(
A C
CT B
)
where A is a 2 × 2 diagonal matrix reeting the Majo-
rana nature of gauginos, B is a 2× 2 anti-diagonal matrix
reeting the Dira nature of the SU(2)-harged higgsino
pair, and C ∼ mZ is a 2 × 2 matrix that vanishes when
SU(2) is unbroken and with null determinant to other-
wise ensure masslessness of the photon. These onditions
make PM +MP o-diagonal, explaining the non-trivial
vanishing of the left-hand side of (22) with mZ .
These remarks stress the entral role played by gauge
invariane in the struture of the mass matrix. The ap-
pearane of P = T3 is no surprise, as all χχZ ouplings
nd their root in the gauge invariant h˜h˜Z: higgsinos an
ouple to the Z boson thanks to their UY (1) harge whih
ditates a Dira behaviour. Only the spontaneous break-
ing of SU(2) and UY (1) arried by C an then split this
degenerate Dira system into a pair of Majorana partiles.
4 High Energy Unitarity
Despite vague similarities, the gauge independene rela-
tions (21) do not yet explain the anellation of (2) and
(3), and in partiular their dierent powers of mixings
Nij . To get further, we need another relation. Using the
pinh tehnique [23℄, we therefore turn to the high energy
behaviour of the amplitude. Indeed, from rotation invari-
ane, the outgoing Z boson must have a pure longitudinal
polarization, and it is well known that this an lead to
onits with the perturbative unitarity onstraint that
sattering amplitudes be bounded by a onstant A(s →
∞) < K .
Having heked gauge independene, we an for sim-
pliity use the Feynman gauge ξ = 1, to have a purely
transverseZ propagator free from high energy divergenes.
The dangerous diagrams whih must anel are then the
s-hannel Goldstone and t-hannel neutralinos exhanges.
A light-like vetor being orthogonal to itself, the po-
larization vetor at high energies is approximately
εµ(k) ≃ kµ
mZ
. (23)
Using this and the kinemati identity 2q.k = q2+m2Z−m2h,
the amplitude for Goldstone exhange (19) in this gauge
beomes:
A (χχ→ Zh)G =
ig2
2 cos2 θW
OG11
2mZ
χγ5χ (24)
×
(
1 +
2m2Z −m2h
q2 −m2Z
)
The rst ontat term in the parenthesis gives a on-
tribution A ≃ √s =
√
q2, whih is divergent and violates
unitarity in the high energy limit, while the seond term is
better behaved thanks to the appearane of a propagator
denominator. From a diagrammati point of view, this is
expressed by splitting the diagram into a pinhed part
and a rest:

G
χ
χ
Z
h
=

χ
χ
Z
h
+ Rest
For the neutralino exhange hannel, we have
A (χχ→ Zh)χ = −2i
4∑
i=1
CA1iC
h
1i
Q2 −m2χi
×χ (p′) ( /Q+mχi) γµγ5χ (p)
kµ
mZ
Expressing /k = /p− /Q = (/p−mχ)−(/Q−mχi)+(mχ−mχi),
the rst term vanishes on-shell, while the seond anels
the propagator pole to give a ontat term and a rest:
A (Zh)χ =
−ig2
2c2W
4∑
i=1
OZ1iO
h
1i
mZ
× {χγ5χ (25)
− mχ −mχi
Q2 −m2χi
χ ( /Q+mχi) γ5χ}
whih an be diagrammatially represented by:

χ
χ
χ
Z
h
=

χ
χ
Z
h
+ Rest′
Canellation of the ontat terms in (24) and (25),
requires the following identity:
1
2
OG11 =
∑
i
OZ1iO
h
1i
or, using (1), (4) and (17), the following relation among
mixings N :
(N12cW −N11sW ) (sβN14 + cβN13) (26)
=
4∑
i=1
(N14Ni4 −N13Ni3)×
{(cWN12 − sWN11) (Ni4sβ −Ni3cβ)
+ (cWNi2 − sWNi1) (N14sβ −N13cβ)}
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As ompliated as it may seen, this equation simply fol-
lows from the orthogonality ondition NijNkj = δik, with
i, k = 3, 4. We have therefore shown that high energy per-
turbative unitarity of the amplitude is guaranteed by the
unitarity of the mixing matrix.
By ombining (26) and (20), a new non-trivial identity
among ouplings is obtained:
mχ
mZ
OZ11 = −
∑
i
OZ1iO
h
1i
whih is even less trivial when using the denitions of OZij
and Ohij :
mχ
mZ
(
N2i4 −N2i3
)
= −∑4i=1 (N14Ni4 −N13Ni3) (27)
×{(cWN12 − sWN11) (Ni4sβ −Ni3cβ)
+ (cWNi2 − sWNi1) (N14sβ −N13cβ)}
This identity relates the ouplings appearing in Z-exhange
(2) and χ-exhange (3), and suggests to rewrite the seond
as:
A (χχ→ Zh)χ = 2i
√
2βZh
mχ
mZ
g2
cos2θW
×
(
mχ
mZ
OZ11 +
4∑
i=1
Ri
)
(28)
where the rst term exatly anels the s-hannel Z ex-
hange, and the seond is subdominant in the high energy
limit s ≫ m2Z ,m2χ. It is however not lear why those re-
mainders should be subdominant at rest, beause even for
large s = 4m2χ, there is onfusion between dynamially
suppressed ontributions ∼ m2Z/s ≪ 1 and neutralino
mixing suppressed ones ∼ m2Z/m2χ ≪ 1. Moreover, the
denition
Ri = O
Z
1iO
h
1i
(
2mχimχ − 4m2χ − 2m2χi +m2h +m2Z
)
2m2χ + 2m
2
χi −m2h −m2Z
(29)
implies that for mZ ≪ mχ, R3 ≈ −R4 are omparable
with the rst term in (28), and only their sum beomes
negligible. To analyze this nal anellation, a perturba-
tive expansion in mZ/mχ is therefore needed.
5 Perturbation theory
In the SUSY-deoupling limit (mZ ≪ M1,M2, µ), the
neutralino mass in Appendix C is naturally split [24℄ into
M = M0 +W , with a leading ontribution
M0 =


M1 0 0 0
0 M2 0 0
0 0 0 −µ
0 0 −µ 0


and a perturbation
W = mZ


0 0 −sW cβ sW sβ
0 0 cW cβ −cW sβ
−sW cβ cW cβ 0 0
sW sβ −cW sβ 0 0


triggered by EW-symmetry breaking. Following standard
Rayleigh-Shroedinger perturbation expansion we start by
solving the unperturbed eigensystem
N0M0N
0 T = m0
whose eigenvalues arem0 = diag (M1,M2,−µ, µ) and whose
eigenvetors ϕ0n form the mixing matrix
N0 T = (ϕ01, ϕ
0
2, ϕ
0
3, ϕ
0
4) =


1 0 0 0
0 1 0 0
0 0 1√
2
−1√
2
0 0 1√
2
1√
2


The rst order orretions to eigenvaluesm1n =
〈
ϕ0n
∣∣W ∣∣ϕ0n〉
are simply the diagonal elements of W 0 = N0W N0T :
W 0 = mZ


0 0 sW s−√
2
sW s+√
2
0 0 − cW s−√
2
− cW s+√
2
sW s−√
2
− cW s−√
2
0 0
sW s+√
2
− cW s+√
2
0 0

 (30)
where s± = sβ±cβ. From the struture of the perturbation
W , these diagonal elements learly vanish. Furthermore,
rst order orretions to eigenvetors
∣∣ϕ1i 〉 =∑
j 6=i
W 0ji
m0i −m0j
∣∣ϕ0j〉
an be regrouped into N1T = (ϕ11, ϕ
1
2, ϕ
1
3, ϕ
1
4) with:
N1 = mZ


0 0 − sWC1
M2
1
−µ2
sWS1
M2
1
−µ2
0 0 cWC2
M2
2
−µ2 − cWS2M2
2
−µ2
− sW s−√
2(M1+µ)
cW s−√
2(M2+µ)
0 0
sW s+√
2(µ−M1)
cW s+√
2(M2−µ) 0 0


and C1,2 = (µsβ +M1,2cβ), S1,2 = (M1,2sβ + µcβ).
For a bino-like neutralino (M1 < M2, µ), the Zχχ ver-
tex does not exist without eletroweak symmetry breaking
and knowing the diagonalization matrix N = N0+N1 up
to rst order in mZ allows in fat to ompute the rst
non-trivial ontribution to Z-exhange (2) whih appears
at seond order:
A (χχ→ Zh)Z = −
√
2βZh
M21
m2Z
g2c2βt
2
W
m2Z
(M21 − µ2)
(31)
At the same order, the rst non-trivial ontribution to χ-
exhange (3) requires only one perturbation of the Zχχi
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vertex, and no perturbation of the hχχi vertex, whih does
exist in the absene of eletroweak symmetry breaking.
Further expanding the propagator in powers of mZ would
give the same struture as (28):
A (χ→ Zh)χ =
√
2βZh
M21
m2Z
g2 cos 2β tan2 θW (32)
× m
2
Z
(M21 − µ2)
(
1 +
1
2
m2Z +m
2
h
M21 + µ
2
)
,
suggesting that the remainder is O(m4Z), i.e. two orders
lower than the leading term. However, to rmly establish
this onlusion requires a justiation for the absene of
terms O(m3Z), whih we shall now nd by examining the
general struture of the perturbative expansion.
When solving the eigensystem
(Mo +W )ij N
T
jl = N
T
ilml (33)
by power expansions in mZ for eigenvalues and eigenve-
tors:
mi = m
0
i +m
1
i + ... (34)
N = N0 +N1 + ... (35)
we an to all orders hoose the orretion to an eigenvetor
in N − N0 orthogonal to the orresponding unperturbed
vetor in N0: the only prie is to end up with non-unit
vetors in N . This hoie however simplies the reurrene
relation for the solution at order q to:
mqi =
(
N0WN q−1T
)
ii
(36)
(
N0N q T
)
ji
=
(
N0WN q−1T
)
ji
m0i −m0j
−
q−1∑
p=1
mpi
(
N0N q−pT
)
ji
m0i −m0j
The expressions for q = 0, and q = 1 were given above.
We saw that M0 is 2 × 2 blok-diagonal, and so is N0,
whereas W and thus N1 are blok o-diagonal. Following
the reurrene, this an be generalized, to show that N q
must be blok diagonal for q even and blok o-diagonal
for q odd. Beause of this struture, mqi will vanish for
q odd, so that mi(mZ) is holomorphi in m
2
Z . In a sim-
ilar way, diagonal bloks of N have a purely even power
expansion in mZ , whereas o-diagonal ones only ontain
odd powers.
These results an be extended to the amplitudes AZ
and Aχ whih then ontain only even powers of mZ : the
lowest order O(m−2Z ) vanishes for both as it should to
allow for a smooth mZ → 0 limit, the next O(m0Z) is
equal and opposite for s- and t-hannel exhanges, and
the remainder O(m2Z) ditates the amplitude of the Zh
annihilation hannel at rest to be lower than the tt¯ pair
hannel. This an be loosely expressed as:
A (Zh) ∝ m
2
Z
m2χ
≪ A (tt) ∝ mt
mχ
≪ A (Zh)Z ∝ 1
The order of magnitude and the power of the suppression
σ (χχ→ Zh)Z+χ
σ (χχ→ Zh)Z
∝ m
4
Z
M41
then agree with those displayed in gs. 2,3.
6 Conlusion
In this work, we have given a quantitative understand-
ing of why neutralinos at rest annot annihilate predomi-
nantly into Zh. The possible relevane of this proess for
indiret DM detetion has been shown in the Introdution,
before pointing out similarities and dierenes between
the tt and Zh annihilation hannels. We also stressed how
muh a naive estimate of this last hannel an fail by ignor-
ing the subtle but tight links between ouplings imposed
by symmetries, espeially broken ones. Beause of these
links, a ne anellation does our whih requires a loser
look. Having notied that this anellation was getting
ner with inreasingly broken supersymmetry, we showed
that broken gauge symmetry had to be investigated. This
was done both at the level of gauge independene in Rξ
gauges, and of unitarity at high energy, known to be deli-
ate for longitudinal gauge bosons. Both onstraints led to
non-trivial relations among ouplings whih showed that
indeed, the SM partiles exhanges an be anelled by su-
perpartners exhanges, as heavy as these might be. How-
ever, to quantitatively estimate the importane of what
remains after this anellation required to show that a
perturbative expansion of the amplitudes in mZ/mχ on-
tained only even powers. Whether suh anellation an
be extended from large s to large mχ =
√
s/2 at rest for
all diagrams suering from large s unitarity problems, re-
mains an open question.
It is a pleasure to aknowledge fruitful disussions with A.
Djouadi, P. Gay, R. Grimm, J.-L. Kneur, Y. Mambrini, V.
Morenas, G. Moultaka and J. Papavassiliou. This work was
partially funded by the GdR 2305 Supersymétrie of the Frenh
CNRS.
A Indiret Detetion Energy Spetra
The neutrino and photon dierential energy spetra of
gure 1 were extrated from a PYTHIA simulation of
106 events for eah hannel, shown as a funtion of x =
Eν, γ/mχ. For the hard (anti-)neutrinos from the Z-boson
in the Zh hannel that onerned us most, we have been
areful to orret the unpolarized PYTHIA results by a
fator ∝ x(1 − x) translating the purely longitudinal po-
larization of the Z-boson, whih suppresses forward neu-
trinos with respet to the WW hannel. In spite of this
fator, the Zh hannel produes the next-to-hardest neu-
trino spetrum.
For photons, the hard (at) omponent of the Zh han-
nel around x ≈ 1 omes from h loop-deaying into two
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photons and therefore only appears at the largest values
of x. This leaves only a small number of events (~10/bin)
and large statistial errors whih do not appear in the
t shown in the bottom gure 1. There are of ourse no
events for x > 1, but the preise shape of this vanishing
(probably similar to that of neutrinos from WW above,
as shown) is hidden by these errors.
B Dira and Majorana fermion onventions
To represent the Cliord algebra of Dira matries
{γµ, γν} = 2ηµν
we use the hiral basis:
γµ =
(
0 σµ
σµ 0
)
γ5 =
(−1 0
0 1
)
where
σµ = (1,σ) σµ = (1,−σ)
are 4-d extensions of the Pauli matries σ =
(
σ1, σ2, σ3
)
.
For Majorana spinors, we use [25℄ the usual Dira Feyn-
man rules after having hosen an arbitrary orientation of
the spinor lines. The Majorana ondition is
χ = χc = CχT (37)
and the plane wave expansion of a Majorana eld operator
is thus [26℄:
χ (x) =
∫
d3p
(2pi)
3/2
∑
s=±
(
as (p)us (p) e
−ip.x
(38)
+a†s (p) vs (p) e
ip.x
)
Implementing the Majorana ondition (37) in (38), we nd
the relations
us = Cγ
0v∗s (39)
vs = Cγ
0u∗s (40)
whih allow to ip the orientation of external Majorana
lines.
C Neutralino Mass Matrix
The neutralino mass eigenstates are linear ombinations
of gaugino and higgsino elds
(
B˜, W˜3, H˜b, H˜t
)
χi = Ni1B˜ +Ni2W˜3 +Ni3H˜b +Ni4H˜t
whih diagonalize the mass matrix:
M =


M1 0
0 M2
mZ × C
mZ × CT 0 −µ−µ 0

 (41)
C is the 2 × 2 eletroweak-breaking ontribution to this
neutralino mass matrix :
C =
(−sW cβ sW sβ
cW cβ −cW sβ
)
with
sW = sin θW , cW = cos θW
sβ = sinβ, cβ = cosβ
The normalized eigenvetors an be olleted into a
unitary matrix N satisfying:
N⋆MN−1 = MD (42)
whereMD is a diagonal matrix ontaining neutralino masses.
In the absene of CP violating phases, the matrix N
an be hosen as a real matrix, and at least one neutralino
mass is then negative.
D Lagrangian terms for relevant ouplings
D.1 Z − χ− χ oupling
L = 1
2
4∑
i,j=1
χiγ
µ
(
CVij − CAijγ5
)
χjZµ
with
CVij =
g
4 cos θW
(
OZij −OZ∗ij
)
(43)
CAij =
g
4 cos θW
(
OZij +O
Z∗
ij
)
(44)
and
OZij = Ni4N
∗
j4 −Ni3N∗j3
In the absene of CP violation, there is a basis suh that
CVij = 0.
D.2 h-Z-Z oupling
L = 1
2
CZhZµZ
µ
(45)
where
CZ = − gmZ
cos θW
sin (α− β) (46)
In pratie, we will always work in the deoupling limit
mA ≫ mZ , whih implies:
α = β − pi
2
(47)
Hene, we have sin (α− β) ≃ −1 in (46).
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D.3 h− χ− χ oupling
L = g
2
hχi
{
sα
(
L∗ijPL + LijPR
)
(48)
+cα
(
K∗ijPL +KijPR
)}
χj
with
Kij =
1
2
Ni4 (Nj2 − tan θWNj1) + (i↔ j)
Lij =
1
2
Ni3 (Nj2 − tan θWNj1) + (i↔ j)
The symmetri form of K and L omes from the fat
we are working with Majorana partiles:
χi (1± γ5)χj = χj (1± γ5)χi
For real N , this Lagrangian simplies to:
L = 1
2
4∑
i,j=1
Chijhχiχj
where
Chij =
g
2 cos θW
Ohij (49)
and
Ohij = (cWNi2 − sWNi1) (sαNj3 + cαNj4) + (i↔ j)
D.4 Z-fermion-fermion oupling
L =
∑
f
fγµ
(
CZVff − CZAff γ5
)
fZµ
where
CZVff = −
g
2 cos θW
(
T3f − 2 sin2 θWQf
)
CZAff = −
g
2 cos θW
T3f
Qf and T3f are the harge and third weak isospin ompo-
nent, with the usual normalization: T3top = 1, and Qtop =
2
3 .
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